Abstracts: This paper presents an overview of measured mechanical properties of thixoformed aluminium 7075 feedstock produced by the direct thermal method (DTM). The DTM feedstock billets were processed with a pouring temperature of 685 °C and holding periods of 20 s, 40 s and 60 s before being quenched and subsequently thixoformed. A conventionally cast feedstock billet was produced with a pouring temperature of 685 °C and was allowed to solidify without quenching. The feedstock billets were later formed by an injection test unit in the semi-solid state. Tensile testing was then conducted on the thixoformed feedstock billets. Tensile properties for 7075 DTM thixoformed feedstock billets were found significantly influenced by the thixoformed component density. Samples with longer holding times were found to have higher density and higher tensile strength.
Introduction
Semi-solid metal (SSM) processing involves a forming operation between liquidus and solidus temperature that provides an advantage of enhanced flow control. There are two methods for SSM processing consisting of rheoforming which involves the material without an intermediate solidification step; and thixoforming which involves use of feedstock billets which undergo an intermediate solidification step. Thixoforming operations required the preparation of a globular feedstock billet which is then reheated to the SSM temperature range before forming [1] . The fraction solid and phase morphology of the feedstock billet are crucial parameters in order to allow the success of the operation.
Several methods have been used to produce globular microstructure feedstock billets. Direct thermal method (DTM) is one of thermal profile control processes that produced a globular microstructure feedstock billet. The DTM allows the formation of a globular microstructure by controlled billet solidification temperature profile arising from controlled heat transfer between the metal and the mould material. This process provides a thermal equilibrium arrest, which is rapidly achieved due to the rapid cooling action which also provides for multiple nucleation sites. This process enables diffusion dominated ripening to yield a globular primary phase microstructure [2] .
Most aluminium semi-solid formed components are made from cast alloys such as A356 and A357 due to their good fluidity. These cast aluminium alloys, though have relatively poor mechanical properties when compared to conventional wrought aluminium alloys. The wrought aluminium alloys have significant advantages in terms of higher ultimate tensile strength and yield strength [3] . Superior mechanical properties of 7075 for example make it reliable for highly stressed aerospace components.
Primary phase grain structure and morphology influence the mechanical properties, with smaller size and globular grain morphology producing improved properties after heat treatment [4] . The existence of large pores caused by entrapped gas and shrinkage reduce the mechanical properties of die casting samples [5, 6] . Moreover, material properties of SSM processing parts were found to improve mainly due to the reduction of porosity content. Shrinkage porosity usually occurs from the lack of metal fluidity and low feedability inside the die cavities while gas porosity occurs from various gasses entrained during solidification. The porosity also may originate from hydrogen gasses which can be entrained during heating above 600 °C [7] .
A number of researchers have reported working on microstructure and mechanical properties of aluminium 7075 thixoformed components [8] [9] [10] . However, there is a lack of information on mechanical properties for thixoformed feedstock billet produced via the DTM. Previous publications on DTM feedstock billet production concentrated on the evaluation of the feedstock billet microstructure. The objective of this study was to assess the mechanical properties of thixoformed aluminium 7075 feedstock billet which was produced by the DTM method.
Material and Procedures
The chemical composition of aluminium 7075 alloys which was used in this work, as determined with Optical Emission Spectroscopy, Foundry Master Oxford Instruments, is presented in Table 1 . The 7075 SSM feedstock billets used in this experimental work were prepared by DTM, the production steps which were presented previously [11] . The feedstock billets were processed with pouring temperature of 685 °C, and holding periods before quenching at 60 s (sample 1), 40 s (sample 2), 20 s (sample 3), and without quenching (sample 4). The processing parameters for each sample were repeated three times in order to evaluate process robustness. The feedstock billets were later formed by an injection test unit [12] with processing parameters used in this experimental work is presented in Table 2 . Porosity levels for each feedstock billets after thixoforming were evaluated by density measurements and SEM. The formed feedstock billets were mass weighted by an electronic weight scale. The feedstock billets were then submerged into water and the water reading levels before and after placing feedstock billets were recorded. The density of feedstock billets after forming later was calculated according to Archimedes' principle.
Tensile tests were conducted by using a Zwick Z50 BT1-FB050TN 50 kN universal testing machine. Tensile specimen with dimensions as presented in Figure 1 was clamped to the machine grips. In order to reduce error in displacement readings, an extensometer was used to take sample displacement readings instead of crosshead displacement readings. Steel springs were used to mount the extensometer to the specimen to avoid knife edge slippage during the testing. Special extension knife edge with 28 mm in length was used to ensure sufficient clearance between upper and lower grips. Test speed was set at 1 mm/min due to the small size of specimen with preload at 6 MPa.
Fracture surface of the tensile specimens were examined with a Carl Zeiss EVOLS15 Scanning Electron Microscope (SEM) machine in order to determine the cause and mode of sample fracture. Specimens were directly placed in the SEM chamber after the tensile test to avoid oxidation of sample surface. Driving voltage was set at 15 kV and working distance was set at 11 mm which were determined as optimum settings for aluminium alloys.
Results and Discussion
Tensile Test. The average results of mechanical properties for four samples after forming are presented in Figure 2 . The results consist of Ultimate Tensile Strength (UTS), Yield Strength (YS) and Elongation. Sample 1 was found have produced the highest ultimate tensile and yield strength compared with the other samples. Nevertheless, elongation for sample 1 was lower when compared to sample 3 and 4. The mechanical properties for some of the feedstock billets were close to those reported in the literature [13] , especially the results for sample 1. The mechanical properties for SSM components were typically lower than for wrought formed components in terms of tensile strength, yield strength and elongation [8] . Some previous researchers have used SIMA to fabricate feedstock and compare the thixoformed microstructural features with the process parameters and resulting component properties [13] . The highest value for tensile and yield strength for sample 1 compared with other samples can be attributed to its lower porosity content. The result correlated well with the corresponding density measurement which was the highest for this sample, shown in Table 3 . The high porosity content in SSM processed components has been reported as a common process problem [8, 13, 14] . The porosity within the sample is believed to have come from the DTM process due to pouring method used which could entrain air due to the narrow entrance to the mould. Quenching into ambient temperature water from a metal still in the fully liquid state was believed to have trapped gas porosities due to the turbulence of molten alloy within copper mould.
Fractography Test. Images from the SEM for the tensile test specimen fracture surfaces for sample 3 are presented in Figure3. The images indicated that failure in specimen occurred by ductile and intergranular fracture (the crack propagated along the grain boundaries). Porosity, primary phase grain size, grain morphology and secondary phase area are among the important factors that would influence the mechanical properties. Porosity in the images was presented by the dimples and samples with higher dimple content were seen to produce lower mechanical properties. Density Test. Average densities and porosity levels of four samples which were determined by Archimedes' principle are presented in Table 3 . Some of the densities readings obtained from this experimental work were slightly higher than the reported density for aluminium 7075 in the literature which typically is 2.81 g/cm 3 [15] . This could be due to slight variations in chemical composition for feedstock used in this work and the reasonably large 95% confidence intervals. The results in Table 3 show that the lowest porosity was found in sample 1 and the highest porosity content occurred in sample 3. As expected, the better mechanical properties were also observed within the samples with low porosity content. One of the causes for the porosity within material was the trapped air during processing [16] . Porosity would be expected to originate from dissolve hydrogen in liquid or insufficient mass feeding of liquid into interdendritic regions [16] . During the dendritic growth slightly after the melt was poured into a copper mould, the liquid in front of the solid-liquid interface could become enriched with hydrogen. The hydrogen between dendritic arms could therefore be expected to increase continuously as the temperature drops which in turn results in the generation of hydrogen bubbles. Formed bubbles which moved, form inter dendritic regions toward remaining liquid during solidification would have not sufficient time to exit to the top of the copper mould. Therefore, they remain in the non-solidified liquid as large porosities in the sample, as in sample 3. In order to have higher mechanical properties of thixoforming components, it was suggested to have the post-treatment process shortly after the thixoforming operation. It has been shown and is well known that the tensile properties significantly increase when the heat treatment process is applied after thixoforming. Eutectic phases which are concentrated in the inter-globular regions and homogenised by this solution heat treatment [8] . 
Conclusion
The mechanical properties recorded of the thixoformed billets had similar properties as determined by others for aluminium 7075 globular microstructure. The findings in this research contribute new information on the relationship between the mechanical properties (UTS, YS, and elongation), the DTM process parameters, and the resulting porosity level for aluminium 7075. The novelty of this mechanical test was that the test samples were prepared via DTM. The produced tensile properties (UTS) were between 83 and 213 MPa, yield strength (YS) was in the range of 64 to 206 MPa, and elongation was between 0.7 to 2.7 %. Material property values were decreased significantly by higher porosity content within some of the samples. This was evident by the density and fractography results which indicated density values in the range of 2.31 to 3.01 g/cm 3 and void formation in fracture surfaces. Longer holding period within DTM resulted in samples to have increased density and also have higher strengths. These results reinforce the supposition that successfully thixoformed 7075 components may be produced with feedstock produced via DTM. 
